Physiological information on osmoregulation in molluscs has been provided for many species. However, neuroendocrine control of osmoregulation has hardly been studied and cannot, therefore, be dealt with from a comparative point of view. This is mainly due to the fragmentary nature of the histological information on the neuroendocrine system. The freshwater gastropod Lymnaea stagnalis is one of the few molluscs in which both the physiology of osmoregulation and the structure of the neuroendocrine system have been studied. This favored the study of neuro endocrine control of osmoregulation. Quantitative analysis at the ultrastructural level indicated that two types of neurosecretory cells are involved. In snails ex posed to deionized water, a condition stimulating water elimination and retention and/or uptake of ions, the release of secretory material from the axons of these types was observed. In animals exposed to hypertonic saline, known to reduce water elimination and ion uptake, the release activity declines and an enhanced accumula tion of secretory granules occurs. The axons of one type not only end in the main neurohemal zones around the central nervous system but also form a network around the ureter, similar to that found around water and ion transporting epithelia in insects.
In molluscs the engagement of the neuro endocrine system in the control of osmo regulatory processes is generally assumed. However, in spite of detailed physiological studies regarding water and ion regulation in m any molluscan species, physiological evidence for neuroendocrine control of these processes is limited. I t has m ainly been provided by studies on a pulmonate gas tropod, Lymnaea stagnalis (Lever et a l, 1961) , an opisthobranch gastropod, Aplysia rosea (Vicente, 1963) , and a bivalve, Crassostrea virginica (Nagabhushanam, 1964) . In these animals extirpation of one or more ganglia of the central nervous sys tem led to swelling of the body, whereas reimplantation or injection of homogenates of these ganglia resulted in a decrease of the body weight. The production of diuretic factors was assumed to occur in the ganglia concerned. The neurons producing these factors have not been localized so far. In Aplysia californica Jahan Parwar et al. (1970) recorded changes in the electrical activity of some special neurosecretory (NS-) cells after osmotic stimulation of the osphradium. The functional role of these cells has not been analysed. A d ditional indications of neuroendocrine en gagement in osmoregulation came from histological investigations dealing with osmotically-induced changes in the amount of stainable material present in neuronal cell bodies. These studies, on some bivalve and gastropod species, were recently sum marized (Wendelaar Bonga, 1971b) and are all in need of experimental verification.
The scarcity of data on neuroendocrine control of osmoregulation in molluscs is closely related to the paucity of inform a tion concerning the organization of the neuroendocrine system in these animals, especially in cephalopods and bivalves. This information is in most species studied limited to results obtained with the rather indiscriminative "Gomori" stains or re lated techniques. This implies that the di versity of the NS-substances, apparent in insects and crustaceans and presumably also present in molluscs, will have largely escaped attention.
In the freshwater snail Lymnaea stagnalis, however, the histochemical and ultrastructural aspects of the neuroendocrine system have been studied to a larger ex tent (e.g., Joosse, 1964; Boer et al., 1968; Wendelaar Bonga, 1970) . Furthermore, a series of studies has been presented dealing with the physiology of osmoregulation in this species (e.g., Van Aardt, 1968; Green away, 1970 Green away, , 1971 . Indications for neuro endocrine involvement in osmoregulation have also been reported (Hekstra and Lever, 1960; Lever et al., 1961; Lever and Joosse, 1961) . Since in other molluscs the available data on either physiological or neuroendocrine aspects of osmoregulation are less complete, this study will be largely confined to L. stagnalis. Since the osmo regulatory processes in this snail appeared to conform in detail to the patterns gen erally encountered in freshwater molluscs, its mechanisms of neuroendocrine control may be of wider significance. The NS-system of L. stagnalis is com plex and includes at least 9 types of neurons. These neurons have several char acteristics in common with the established peptidergic neuroendocrine systems of ver tebrates, insects, and crustaceans: affinity for protein stains, the presence of elemen tary granules, and nonsynaptic axon ter minals in neurohemal zones. These zones are very extensive in L. stagnalis, and in clude the periphery of the intercerebral commissure and of a number of connec tives and nerves, and the loose connective tissue around the central nervous system (CNS) (Wendelaar Bonga, 1970) .
Freshwater molluscs, like L. stagnalis, m aintain a high osmotic gradient between blood and environment. This gradient causes an inward flow of water and an outward diffusion of solutes. The processes for m aintaining a steady state generally involve the production of large volumes of a hypotonic urine and an active uptake of ions, as has been established for several molluscs including L. stagnalis. To study the relation between NS-cells and these processes, snails were exposed to media of different osmotic and ionic composition, viz., tap water, deionized water, and 0.1 M N aC l solution in deionized water. From data of Van Aardt (1968) and Greenaway (1970) for L. stagnalis it was concluded that deionized water will activate water elimination and the ion-uptake mecha nisms, whereas saline will lead to a sup pression of both processes. Consequently, the presumed neuroendocrine systems en gaged in their control should be stimulated in deionized water and inactivated in saline.
Attention was paid to a cell type occur ring in both pleural ganglia, the D ark Green Cells (D G C ). I t was observed that the D G C were activated in deionized water, as was reported before (Wendelaar Bonga, 1971b) . D uring two weeks of exposure a statistically significant increase was noted in the extent of the granular endoplasmic reticulum, in the activity of the Golgi com plex, and in the release activity in the neurohemal zones. Saline exposure sup pressed the secretory processes and led to a general cytoplasmic regression.
Indications were obtained that another NS-cell type, the Yellow Cells (Y C ) reacts to osmotic variations of the medium. These neurons occur in small groups in both parietal ganglia and in the single visceral ganglion ( Fig. 1 ). Their neurohemal areas are prim arily located in the periphery of the proximal parts of the nerves originat ing from these ganglia and of the connec tives between these ganglia. The Y C also attracted attention for another reason: traces of their secretory material, staining yellow with the Alcian Blue/Alcian Y e l low technique (Wendelaar Bonga, 1970) , were observed in the distal parts of some of the nerves mentioned, the right pallial nerves and the anal nerve, as far as their effector areas, in the kidney region.
In this study the effects of osmotic changes in the environment on the release activity of the Y C , and, for comparison, of three types of NS-neurons, including the D G C , were analysed in the central neurohemal areas. Furthermore, the yel low-staining axons in the kidney wrere investigated to establish whether their se cretory material is released, like neurotrans mitters, in synaptic contacts, or, like neuro hormones, in free nerve endings. Finally, the release activity in these axons wras studied under changed osmotic conditions.
RESULTS
Groups of 5 adult animals, reared in tap water, were exposed for 24 hr, at 20°C, to deionized w^ater or to N a C l solutions in deionized water. The osmolality of the blood of these snails was determined (Fig. 2) . I t appears that L. stagnalis, like all freshwater invertebrates, regulates only hyperosmotically. The snails m aintain an osmotic difference between the blood and the outer medium over a w7 ide range of salinities, up to 0.1 M N aCl. A t higher concentrations the blood is slightly hvnertonic.
For analysing the changes in the axon terminals the groups exposed to deionized N aC l sol. ( m O s m / k g H 20 )
The osmolality of the blood of the cephalic sinus (steady state) of groups of 5 specimens of L. stagnalis (mean values per group, ±SE), exposed for 24 hr at 20°C to deionized water (0.5 mOsm) or to different NaCl solutions. Diagonal: isosmotic line. water (0.5 mOsm) and to 0.1 M N aC l (187 mOsm) were studied at the ultrastructural level, as were 5 control animals kept in tap water (15 m O sm ). A detailed account of the materials and techniques has been pre sented before (Wendelaar Bonga, 1971b).
The Central Neurohemal Areas
The accumulation of the NS-material in the axon terminals in the central neuro hemal zones wT as quantified by counting the number of axon profiles containing the elementary granules of the Y C , in 3 cross sections per anim al of the anal nerve. These sections were cut at distances of about 100 fj. from each other, near the origin of the nerve. The release activity was esti mated in the same sections by counting the number of axon profiles showing release phenomena (clusters of clear vesicles and omega-shaped indentations of the axonal membrane, cf., Wendelaar Bonga, 1971a,b). In addition, accumulation and release were determined, in the same sections, of two other types of NS-axons terminating in the anal nerve, which originated from the Light Yellow Cells (L Y C ) and from the Yellow Green Cells (Y G C ). The axon terminals of the D G C were examined in 3 cross sections per anim al of the right pleuro-parietal connective.
As appears from Fig. 3 , exposure to de ionized water results in a decrease in the number of granule-filled axon endings of both the D G C and the Y C , and an increase in axons showing release phenomena (Fig. 4 ). An increase of empty and nearly empty axon terminals w7 as observed ( Fig. 5) . In saline the reverse occurs: an accumulation of secretory granules and a reduction of release activity. The changes are statis tically significant with Student's i-test (p < .05). The axon terminals of the L Y C and the Y G C did not show obvious changes in either the accumulation or the release of their secretory material. These types apparently do not react to variations in the osmotic conditions of the snails, a conclusion which was reached earlier on the basis of a quantitative analysis of the cell bodies of these cell types after 14 days of exposure to the same medium (Wendelaar Bonga, 1971b).
The Axons Terminating in the Kidney
The kidney, an elongated tubule lined by a highly folded epithelium, is composed of a kidney sac and a primary ureter. The ureter cells show the general ultrastructural features of epithelia involved in water and ion transport, viz., extensive basal in foldings of the cell membrane, associated with many mitochondria (Wendelaar Bonga and Boer, 1969) . The kidney is profusely provided with blood lacunae. The epithelium is separated from the blood by a thin (1-5 ¡x) layer of connective tissue. In the ureter a fine network of small nerves and single axons is found in this layer. M ost of these axons contain elementary granules which are similar in size and ap pearance to those of the Y C (Fig. 6 ). No synaptic contacts between these axons and kidney cells or connective tissue elements were observed. However, release phe nomena were frequently observed in axonal areas facing the blood or the connective tissue matrix. Thus, the secretory material of these axons is released in a way charac teristic for neuroendocrine substances.
The effects on the axons surrounding the ureter of exposure of snails to deionized water and to 0.1 M N aC l were analysed. The degree of accumulation of the secretory material was determined by counting the total number of axon profiles containing the YC-type of elementary granules in F i g . 3. The number of granule-containing axon terminals (total length of bars) and of the fraction of these terminals showing release phenomena (stippled bars) of 4 types of neurosecretory cells. Each bar represents the mean value (± SE) of 5 snails, c: controls, kept in tap water; NaCl, and d.w.: snails exposed to 0.1 M NaCl and to deionized water, respectively, for 24 hr. Figure 8 shows th at deionized water causes an increased release of secretory material. The number of granule-containing axon terminals was reduced, whereas the number of these axons showing release phenomena increased. M an y empty, or nearly empty, axons were found (Fig. 7) . In saline the release activity was reduced, which led to an accumulation of elemen tary granules: the number of axon profiles containing elementary granules increased. Each bar represents mean values (± SE ) of 5 ani mals. c: controls, kept in tap water; NaCl, and d.w .: snails exposed to 0.1 M NaCl and to deionized water, respectively, for 24 hr. I t is concluded that the changes (all sta tistically significant, p < .05) occurring in the axons in the ureter wall in both media are similar to those observed in the axon endings of the Y C in the central neurohemal areas. This is a further indication that the axons in the ureter originate from the Y C .
DISCU SSION

Morphological Aspects oj the D G C and of the YC
In the absence of adequate bioassay techniques, the quantitative analysis of NS-cells at the ultrastructural level ap pears to be an effective way to study changes in the release activity. The mor phological phenomena accompanying re lease have been studied in a large number of animal species. Quantal release via exocytosis, as found in L. stagnalis (Wendelaar Bonga, 1970 , 1971a , has been reported for many, although not all, of them. The presence of clusters of clear vesicles is generally agreed to be indicative of release (Scharrer, 1969) . Therefore, an increase in these phenomena, as established in the present experiments in the axons of the D G C and the Y C after exposure to deionized water, points to an increased transport of secretory material towards the body fluid.
The secretory material in the axonal net work in the ureter, apparently originating from the Y C , is released in free nerve end ings. Indications were found th at in L. stagnalis the Y C are not the only type of NS-neurons which release their material in the central neurohemal areas as well as in peripheral parts of the nervous system. Around the vagina, axons of the L Y C were found. Peripheral neurosecretion has been described in other molluscs (Cottrell and Osborne, 1969) and in m any insect species (Maddrell, 1969) . Of particular interest is the observation of NS-axons ending nonsynaptically underneath the ileac and rectal pads in some insects (e.g., Jariol and Scudder, 1970); these pads consist of epithelia specialized, like the ureter of L. stagnalis, for transport of water and ions. This type of innervation, also found in corpora allata of insects and in the teleost adenohypophysis, may provide a high concentration of the mediator in its effector area. The range of action of the substance concerned is intermediate between that of hormones, transported by the blood, and that of neurotransmitters, which release their material into a synaptic cleft (Schar rer, 1970).
Neuroendocrine Involvement in Osmoregulation
In normal conditions the inward water flow generated by the osmotic difference between inner and outer media in fresh water animals will be counteracted by the hydrostatic pressure exerted by the body, and by renal water excretion. In the steady state the total water influx will equal the water elimination by the kidney. In gas tropods the urine formation is probably accomplished by ultrafiltration across the heart wall into the pericardial space. The resulting prourine is transported via the reno-pericardial duct towards the kidney. (Potts, 1967) . Some experimental evidence for this process in L. stagnalis was pre sented by Van Aardt (1968) . He found that the urine production is high, am ount ing to 20% of the blood volume (9% of the body weight) per hour. This high rate is understandable as the osmolality of the blood in L. stagnalis is the highest found in freshwater molluscs, and the rate of urine formation is generally found to be proportional to the osmotic difference be tween inner and outer media (cf. Chaisem artin et al., 1970) .
H igh salt losses are known to occur in freshwater animals, due to outward d if fusion and to urine excretion. Although hypotonic to the blood (Van Aardt, 1968), urine is highly hypertonic to the medium. In L. stagnalis losses are compensated by active ion transport by the skin (Green away, 1970 (Green away, , 1971 , the ureter (Van Aardt, 1968) , and possibly the gastrointestinal tract. The role of the last organ in osmo regulation in molluscs is not known. The occurrence of N a + -and Cl~-uptake mecha nisms, widespread in freshwater organisms (Kirschner, 1970) , is indicated for L. stag nalis. Greenaway (1970 Greenaway ( , 1971 concluded that independent transport mechanisms were present for these ions and also for C a2+ . The uptake rates for both N a+ and C a2+ showed Michaelis-Menten kinetics.
The main hormonal systems in L. stag nalis seem to be engaged in the control of urine formation, of the permeability of the skin, and of the ion uptake mechanisms. Some experimental indications of endocrine involvement in these processes in L. stag nalis can be deduced from available data. Exposure to deionized water, known to re sult in an increased water uptake, does not lead to a rise in the body weight: dur ing the first 24 hr a slight decrease even occurred while the snails had a shrunken appearance (Wendelaar Bonga, 1971b) . A similar observation was made by Green away (1970) who further noticed that the N a+ -concentration of the blood of snails kept in deionized water was higher than might have been expected on the basis of measured N a+ -losses. These observations may im ply th at in deionized water the blood volume is reduced, by forced water elimination and/or by reduction of the permeability of the skin to water, to com pensate for the loss of solutes from the blood. This points to the presence of an endocrine reflex mechanism for control of water balance. Furthermore, the initial net loss of N a+ and C a2+ from snails in de ionized water is followed by a net uptake of these ions (Greenaway, 1970 (Greenaway, , 1971 . The rate of ion uptake appeared to be re lated to the internal concentration of the ions concerned. A similar relation is known for other freshwater animals, e.g., the gas tropod Viviparus viviparus (Little, 1965) and the earthworm Lumbricus terrestris (Dietz and Alvarado, 1970) , and also sug gests an endocrine reflex mechanism for the maintenance of the ion balance, like that occurring in vertebrates.
In L. stagnalis two types of NS-neurons, the D G C and the Y C , appeared to be ac tivated in snails placed in deionized water. Studies of Hekstra and Lever (1960) and of Lever et al. (1961) support the hypoth esis that the D G C stimulate diuresis. R e moval of the pleural ganglia, which con tain most of the D G C , led to a considerable swelling of the snails. Injection of homogenates of these ganglia in intact ani mals reduced body weight. The authors suggested the presence of a diuretic factor in these ganglia. This supposition has been corroborated by results obtained in a re lated species, Lymnaea limosa. Cauteriza tion of the pleural ganglia caused, in ad dition to an increase in body weight, a reduction in urine formation. No effect on the sodium fluxes was noted (Chaisemartin, 1968) . Urine measurements under similar conditions in L. stagnalis are lacking so far, but it may be assumed that the results would be comparable. Although definite proof is needed, it is therefore indicated that the substance of the D G C accounts for the diuretic factor postulated by Lever and coworkers. This substance might act by influencing the hydrostatic pressure of the body fluid, the force accounting for ultrafiltration. An increase of this pressure mav result from stimulation of the tonicity of the musculature of the body wall and/or of the blood vessels, or from stimulation of the heart. The latter possibility was pro posed bv Chaisemartin (1968) who found in L. limosa a decreased heart rate after destruction of the pleural ganglia. In L. stagnalis, however, the heart rate did not change during exposure to deionized water.
W ith regard to osmoregulation, no re search has so far been performed on the paired parietal ganglia and the single visceral ganglion of L. stagnalis, the ganglia containing the cell bodies of the Y C . In L. limosa, cauterization of the parietal ganglia resulted in a decreased turnover of N a+ -ions, as was demonstrated by Chaisemartin (1968) with radioisotopes. A neuroendocrine substance produced in these ganglia and influencing the ion trans port mechanisms was postulated by this author. The present data suggest th at the product of the Y C stimulates these mecha nisms in L. stagnalis. The ion-uptake mechanisms located in the body wall and in the ureter m ay be controlled by the same substance (Little, 1965) . The strik ing distribution of the axon terminals of the Y C , which occur in the central neurohemal zones and around the ureter, may be the morphological expression of such a dual function.
A t the salinity used in our experiment (0.1 M ) the blood is almost isotonic with the medium. Thus, the osmotic inflow of water will be m inim al and the rate of urine formation will be low. A decreased elim ination of water was indeed observed at concentrations of 0.1 M N aC l and higher (Van Aardt, 1968 ). An initial shrinkage of the animals, when placed in hypertonic solution, was expected; however, swelling was observed instead (Wendelaar Bonga, 1971b) . This response may indicate that blood volume is increased. Obviously water elimination is further reduced than is needed for m aintaining a constant body volume. This may be a reaction to com pensate for the inward flow of ions. An en docrine reflex mechanism is suggested by this phenomenon. Reduced activity of the hormonal systems involved in the stim ula tion of water elimination and the uptake of ions, and activation of possible factors with an antagonistic function, were ex pected. The observed decrease of the re lease activity of the D G C and of the Y C in saline adds further evidence to the hy pothesis that these cell types are involved in stimulating water elimination and ion uptake. Evidence for the presence of antagonistic neuroendocrine factors-sub stances stimulating loss of salts and lim it ing water elimination-is almost absent in molluscs. The observation of Joosse and Lever (1961) that some NS-cells in the cerebral ganglia of L, stagnalis are de pleted of secretory material is the only histological indication to date. Moreover, no clear physiological indication of antidiuresis has been presented. Observations of hypotonic regulation in molluscs are not known. In N aC l concentrations higher than 0.1 M , the blood of L. stagnalis is slightly hypertonic. A similar hypertonicity is known for other freshwater invertebrates exposed to higher salinities, and from m a rine animals under natural conditions and is partly due to organic compounds in the blood (Pierce, 1971) . W hen the blood is nearly isotonic the inorganic ion composi tions of blood and medium are by no means similar. Im portant differences, especially in K + and C a2+ , are known. Thus, the capabil ity of molluscs to hyporegulate the content of one or more ions cannot be excluded. I t has been claimed by Dietz and Alvarado (1970) that the C l"-concentration of an earthworm, when kept in saline, is hyporegulated. Differences in ionic composition between blood and medium may, however, also have a physical basis, and represent electrochemical or Gibbs-Donnan effects. The high K + -content in the blood of marine molluscs is accounted for by a Donnan eauilibrium (Pierce, 1971) . More informa tion is needed in this respect.
A lack of data also exists with respect to the control of osmoregulation at the cellular level. Cellular osmoregulation, in volving in part inorganic ions and in part free amino acids, is essential to keep the cell volume constant (Florkin and Schoffeniels, 1969) , and has been studied in some marine molluscs as well as in freshwater species (Pierce. 1971). Inform ation is scarce, however, as to the effects of cellular osmoree'dation on the composition and p H of the blood in animals under changing osmotic conditions. Such effects m av be important. Chaisemartin et al. (1970) noted a selective accumulation of N a+ in the tissues of L. limosa exposed to high salinities.
I t is concluded that additional inform a tion on some details of the process of osmo regulation in molluscs is needed. However, the m ain lack of data concerns the struc ture of the neuroendocrine system, which hampers endocrinological experimentation in nearly all species. This explains why neuroendocrine control mechanisms in molluscs are in general so badly understood and why these mechanisms cannot yet be dealt with from a comparative point of view. C h a i s e m a r t i n , C . (1968) . Soc. Biol. 162, 1992 -1994 C h a i s e m a r t i n , C ., D e l i l l e , A ., V a r e i l l e , C ., a n d "Molecular Approaches to Ecology." Academic Press, New York. G r e e n a w a y , P. (1970) . J. Exp. Biol. 54, [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] [209] [210] [211] [212] [213] [214] G r e e n a w a y , P. (1971) . J. Exp. Biol. 54, [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] [209] [210] [211] [212] [213] [214] . H e k s t r a , G . P., a n d L e v e r , J. (1960) . Proc. Kon. Ned. Akacl. Wetensch. C. 63, [271] [272] [273] [274] [275] [276] [277] [278] [279] [280] [281] [282] . L e v e r, J . , J a n s e n , J . , a n d V l i e g e r , T. A. de (1961) . Proc. Kon. Ned. Akad. Wetensch. C 64, 531-541. DISCU SSIO N G o l d i n g : W hat criteria did you use to distinguish between active and inactive neurosecretory terminals, that is, between those terminals which were releasing as opposed to those that were not. B o n g a : Axon terminals in the release stage were distinguished by the presence of clusters of clear vesicles and of omega-shaped indentations of the axonal membrane. In adequately fixed material (fixation is very critical for the preservation of exocytosis), both features were usually found together. In the absence of membrane indentations the terminals were only considered in the release stage when clusters of many clear vesicles were present close to the outer axonal membrane.
